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Hearing Research Institute, University of Michigan, Ann Arbor, MichiganABSTRACT The active amplification of sound-induced vibrations in the cochlea, known to be crucial for auditory sensitivity
and frequency selectivity, is not well understood. The outer hair cell (OHC) somatic electromotility is a potential mechanism
for such amplification. Its effectiveness in vivo is putatively limited by the electrical low-pass filtering of the cell’s transmembrane
potential. However, the transmembrane potential is an incomplete metric. We propose and estimate two metrics to evaluate the
effectiveness of OHC electromotility in vivo. One metric is the OHC electromechanical ratio defined as the amplitude of the ratio
of OHC displacement to the change in its transmembrane potential. The in vivo electromechanical ratio is derived from the
recently measured in vivo displacements of the reticular lamina and the basilar membrane at the 19 kHz characteristic place
in guinea pigs and using a model. The ratio, after accounting for the differences in OHC vibration in situ due to the impedances
from the adjacent structures, is in agreement with the literature values of the in vitro electromechanical ratio measured by others.
The second and more insightful metric is the OHC somatic power. Our analysis demonstrates that the organ of Corti is nearly
optimized to receive maximum somatic power in vivo and that the estimated somatic power could account for the active
amplification.INTRODUCTIONNormal hearing depends on sound amplification in the
mammalian cochlea. The sound entering the ear stimulates
the cochlea and launches a fluid-structure traveling wave
along the cellular structures. It has been hypothesized
(1,2) that an active process adds biochemical energy to the
traveling wave by applying feedback forces that amplify
and fine-tune the cellular vibrations (3,4). These amplified
and fine-tuned vibrations deflect the hair bundles (HBs) of
the inner hair cells, which send signals to the brain via the
auditory neurons. The fine-tuning and amplification are
crucial for our normal sensitive hearing. However, the
details of the hypothesized feedback process are still under
investigation (5). Two potential force-producing candidates
are outer hair cell (OHC) electromotility and HB motility
(5–7). Many indirect studies have supported either mecha-
nism or both (8,9), but the issue remains unresolved. It is
important to resolve this issue because sensorineural hearing
loss begins with deterioration of the active process.
OHCs are essential for cochlear amplification (6).
Voltage-dependent changes in OHC length have been
demonstrated in isolated cells (10) and the phenomenon is
reciprocal and indicative of piezoelectricity (11). In vitro,
the OHCs have been found to demonstrate dynamic length
changes at least until 79 kHz (12). However, the ability of
the electromotility mechanism to influence the organ
mechanics in vivo has been challenged by the relatively
long membrane time constant (RC) of the hair cell, whichSubmitted August 19, 2011, and accepted for publication December 23,
2011.
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tials at frequencies above a kilohertz (13), although, electri-
cally induced organ of Corti (OoC) motion is seen to 100
kHz in vivo (14). Many possible solutions to this time
constant problem have been proposed. For example,
Gummer et al. (15) has experimentally demonstrated tecto-
rial membrane (TM) shear resonance in apical guinea pig
measurement, which if extended to basal regions could
compensate for the time constant problem. Lu et al. (16)
suggested that analogous to the gain-bandwidth product
for operational amplifiers, the OHC amplifier’s collective
gain could be traded off for larger bandwidth via negative
feedback and thereby increase the cutoff frequency of the
low-pass filter. Dallos and Evans (17) postulated that the
extracellular potential in the space surrounding the OHCs
could be sufficient to drive the OHC at frequencies up to
22 kHz. Significant and tuned extracellular potentials were
measured by Fridberger et al. (18) in the space surrounding
the OHC in vivo in the basal turn in guinea pigs. Liao et al.
(19) estimated the active force due to electromotility to be
sufficient despite the RC filtering, but their study was
limited by the unavailability of simultaneous in vivo
measurements of the reticular lamina (RL) and basilar
membrane (BM) displacements. These and other solutions
proposed so far are summarized by Dallos ((5), p. 7).
It is important to note that smaller OHC time constant
per se does not result in larger transmembrane potentials,
whereas larger transduction current (which is due to stim-
ulus-induced modulation of a standing current (20)) does.
Large standing currents and their modulation (20) on the
order of 500 pAwere shown by in vivo current density anal-
ysis (21). The large transduction current has been recentlydoi: 10.1016/j.bpj.2011.12.040
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ment is replicated (22). However, as Ashmore (23) points
out, measurements have not been made from cells of the
high-frequency region of the cochlea.
We do not propose how the low-pass filtering of the OHC
transmembrane potential may be compensated. Instead,
we propose that the transmembrane potential considered
independently is not sufficient to assess the effectiveness
of OHC electromotility in vivo because the level of the
transmembrane potential needed for active amplification
in the cochlea is unknown and ill-defined. We propose and
evaluate two metrics for the effectiveness of the OHC
electromotility in vivo at low stimulus levels. One metric
is the OHC electromechanical ratio defined as the amplitude
of the ratio of OHC displacement to the change in its trans-
membrane potential. In isolated OHCs, this ratio is the same
as the piezoelectric coefficient. Another more insightful
metric is the OHC somatic power in vivo. We predict its
effectiveness to influence the vibrations of the OoC struc-
tures and evaluate how it compares with an estimate of the
active power in BM vibrations.
First, the relationship between in vivo OHC displacement
to isolated OHC displacement for a given change in the
transmembrane potential is derived based on theoretical
modeling. Insights on somatic power transfer to the OoC
are derived from the model. It is commonly assumed that
the somatic force is nearly isometric invivo due to the imped-
ances imposed on the OHC by the surrounding tissues
(6,24,25). Recently, Rabbitt et al. (26) (based on an OHC
piezoelectric model) suggested that the power efficiency of
OHC electromotility would require the OoC to be impedance
matched with the OHC. They did not show if that is the case
in vivo. Here, we show that the OoC in vivo is nearly imped-
ance matched with the OHC and would therefore receive
maximum somatic power. Second, the acoustically evoked
OHC displacement and HB displacement are estimated
from recent invivomeasurements (27) of RL andBMmotion
at 40 dB SPL in sensitive anesthetized guinea pigs at the
19 kHz characteristic frequency (CF) in the basal turn. The
HB transduction current and the OHC transmembrane poten-
tial are then estimated. The in vivo OHC electromechanical
ratio is compared with the ratio in isolated cells around the
19 kHz characteristic place (CP). The somatic power for
this stimulus is predicted and compared with the average
power of BM vibrations versus the input power at the stapes.METHODS
Electromechanical ratio as a metric to evaluate
the effectiveness of OHC electromotility
The OHC electromechanical ratio is defined as
EMR ¼
 uOHCD4OHC
; (1)where the numerator is the OHC displacement and the denominator is
the OHC transmembrane potential in response to low level sound
stimulation below and up to ~40 dB SPL. Based on whole cell voltage
clamp measurements on isolated OHCs (28,29), the EMR in isolated cells
is given by
EMRiso ¼
 u
iso
OHC
D4OHC

measured
z20 nm=mV: (2)
The EMR in isolated cells, EMRiso, which is the same as its piezoelectric
coefficient, characterizes the OHC electromotility. Therefore, in this
article, the EMR is evaluated in vivo to assess the effectiveness of OHC
electromotility in the basal region in guinea pigs at low sound stimulus
levels.
In vivo, two factors are important to consider. First, in response to
a change in the transmembrane potential, the electromechanical displace-
ment of the OHC in vivo is not the same as that in isolated cells. In situ
and in vivo, the OHCs are a part of the cochlear partition and thus their
vibration is tied to the vibrations of the rest of the structures. Second, the
OHC transmembrane potential in vivo is hypothesized to be small at
near-CF frequencies at basal locations due to RC low-pass filtering with
cutoff below a kHz (5,13,30). A recent study (22) reports significantly
higher cutoff frequencies for this low-pass filter than reported earlier, but
the issue remains unsettled.Somatic power as a metric to evaluate the
effectiveness of OHC electromotility
The active amplification in the cochlea would be most directly addressed by
evaluating the active power, if any, imparted to the OoC structures by the
active process (in this case, the OHC electromotility). The power referred
to here is temporally averaged as well as integrated over a spatial region.
The power due to OHC somatic electromotility in vivo is given by
Psomatic ¼ 1
2
RealðZsomaticÞjðjuuOHCÞj2: (3)
Here, Zsomatic is the impedance (units Ns/m) seen by the somatic force
in vivo, u is the radial stimulus frequency, and uOHC is the OHC
displacement.
It is expected that the acoustic power input to the cochlea as well as any
power from active sources inside the cochlea would be dissipated due to
damping. Strictly speaking, the cycle-averaged power in BM vibrations
should be spatially integrated over the whole extent of the traveling
wave. However, due to the significant slowing of the traveling wave near
the best place, most of the power is expected to be dissipated around the
best place (31). In this work, the average power is estimated over one
wavelength around the best place. At high stimulus levels >100 dB SPL,
where cochlear amplification is negligible, it is expected that the average
power in BM vibrations would be less than or at most equal to the
average power input at the stapes. At low stimulus levels, <~40 dB SPL,
the average power in BM vibrations may be expected to be higher than
the power input at the stapes if active power is added to the traveling
wave. (Note that earlier modeling efforts and experimental estimates
have supported active power addition to the traveling wave at low stimulus
levels; see for example (32–34.)
The average power in BM vibrations is equal to the power dissipated by
BM, and is given by
PBM ¼ 1
2
BBMjðjuuBMÞj2: (4)
Here, BBM is the BM damping coefficient (units Ns/m), u is the radial
stimulus frequency, and uBM is BM displacement.Biophysical Journal 102(3) 388–398
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Pstapes ¼ 1
2
RealðZCÞjðjuustÞj2: (5)
Here, ZC is the cochlear input impedance (units Ns/m) at the stapes, u is the
radial stimulus frequency, and uST is the stapes displacement at a certain
stimulus level and frequency.
The predicted somatic power Psomatic is compared with (PBM Pstapes) to
assess whether the electromotility could account for the active power (if
any) in BM vibrations at low stimulus levels. Furthermore, the effectiveness
of somatic power transfer to the OoC is evaluated using a lumped two-mass
model.FIGURE 1 (A) Lumped mechanical representation of a cross section of
the cochlear partition. The active force FactiveOHC due to OHC electromotility
acts on the RL-TM complex (represented as TR) at the apical pole of the
OHC and on the BM at the basal OHC pole. In this figure, K represents
stiffness, M is the mass, and B is the viscous damping coefficient of the
respective structures. The displacements of BM and RL due to the active
force are uBM and uRL toward the ST. (B) The´venin equivalent circuit for
a generic electrical circuit showing a voltage source VS with source imped-
ance ZS and load impedance ZL. From panel (A), the active somatic force is
analogous to the voltage source, the OHC self-impedance is equivalent
to the source impedance, OHC velocity is analogous to the current I,
and the combined impedance of BM and RL/TM is equivalent to the load
impedance.RESULTS
Model for OHC electromotility in vivo versus
isolated cells
The displacement of the OHC in vivo in response to a
change in its transmembrane potential is constrained by
the impedance of the BM at the basal pole and by the
RL-TM complex at the apical pole. The effect of these
mechanical constraints on the resulting OHC electrome-
chanical displacement is modeled in this section. At low
sound stimulus levels (<40 dB SPL) it is assumed that
the response due to the active force dominates over passive
forces around the CP.
The OHC piezoelectric behavior is, strictly speaking,
nonlinear and as described by Dong et al. (in Eq. 1 and
Eq. 2 in (11); see also (35)). The mechanics of OHC electro-
motility can be represented by linearized approximation
appropriate for low stimulus levels (36) as
FOHC ¼ KOHCuOHC þ εD4OHC: (6)
Here, FOHC is the net force applied by the OHC on its apical
and basal ends. The first term on the right side of Eq. 6 is the
passive force due to the stiffness of the OHC, and the second
term is the active force arising due to the change in OHC
transmembrane potential. The quantity KOHC is the axial
stiffness, uOHC is the in vivo OHC displacement due to
electromotility, ε is the electromechanical coupling coeffi-
cient (a negative quantity equal to 0.1 nN/mV for a single
cell (37), and D4OHC is the a.c. transmembrane potential of
the OHC (depolarization is positive).
An isolated OHC is effectively unloaded; that is, in Eq. 6,
FOHC ¼ 0 for isolated cells. Therefore, the displacement
of an isolated OHC due to applied transmembrane potential
is given by
uisoOHC ¼ 
εD4OHC
KOHC
: (7)
Using Eq. 7, Eq. 6 can be rewritten as
FOHC ¼ KOHC

uOHC  uisoOHC

: (8)Biophysical Journal 102(3) 388–398The somatic force acts on the cochlear partition in the
manner described in Fig. 1 A (oriented toward scala vesti-
buli (SV) on the RL/TM complex and toward scala tympani
(ST) on the BM), and is given by
FactiveOHC ¼ KOHCuisoOHC ¼ εD4OHC: (9)
For a depolarizing transmembrane potential or positive
D4OHC, the active force F
active
OHC shown in Fig. 1 A is negative
(because uisoOHC is positive or equivalently because ε is
negative), thus pulling the RL/TM complex toward ST and
the BM toward SV.OoC response to OHC somatic force in vivo
The equivalent mechanical representation of the OoC
micromechanics adopted from the mechanical representa-
tion of the two-mass model of a section of the OoC in
Fig. 1 C of Markin and Hudspeth (38) (also used in
(16,39)), is shown here in Fig. 1 A. It is important to note
that Fig. 1 A is consistent with the OHC represented as
a motile element in series with a stiffness element, consis-
tent with Iwasa and Adachi (37). The active displacement
in isolated OHC shown by Dl in Fig. 1 C in Markin and
Hudspeth (38); or by Dzm in Fig. 8 B in Iwasa and Adachi
(37) is the same as uisoOHC in this article.
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governing equations for the OoC micromechanics in
response to only OHC somatic force excitation are derived
at steady state and as a function of frequency:
ZTRuRL þ KOHCðuRL  uBMÞ ¼ FactiveOHC ; (10)
ZBMuBM þ KOHCðuBM  uRLÞ ¼ FactiveOHC : (11)In Eq. 10 and Eq. 11, ZTR ¼ ðKTR  u2MTRÞ þ juBTR is
the impedance of the RL-TM complex, and ZBM ¼
ðKBM  u2MBMÞ þ juBBM is the impedance of the BM,
and include the fluid mass loading on the structures. Here,
KTR is the stiffness, MTR is the mass including fluid loading
(if any), and BTR is the viscous damping coefficient of the
RL/TM complex; KBM is BM stiffness, BBM is its viscous
damping coefficient, and MBM is the mass of the BM and
includes the mass due to fluid loading. The lumped imped-
ance parameters are evaluated over one wavelength near
the CP (see legend for Fig. 2, Fig. 3).
Summing Eq. 10 and Eq. 11 gives
uRL ¼  ZBM
ZTR
uBM: (12)FIGURE 2 Effective impedance of the OoC Zactiveeff as seen by the OHC
somatic force is shown (solid line) along with the combined impedance
of the BM and the RL/TM complex (ZTRBM; dashed line), and the OHC
(KOHC; dotted line). At frequencies below 12 kHz and above 20 kHz, the
effective impedance of the OoC is much higher than the OHC stiffness.
However, around 14–20 kHz (boxed region) the internal resonances in
the OoC reduce Zactiveeff bringing it down to the level of KOHC. Furthermore,
the load impedance is approximately conjugate matched to the source
impedance, approaching the maximum power transfer condition; see
text for details. Here, KOHC ¼ 0.265 N/m lumped over 300 mm,
KBM ¼ 10 KOHC, KTR ¼ 2KOHC, MBM ¼ KBM=u2BM; uBM ¼ 2pfBM;
fBM ¼ 17:5 kHz; MTR ¼ KTR=u2TR; uTR ¼ 2pfTR; fTR ¼ 13 kHz,
BBM ¼ 2zBM
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MBMKBM
p
(for zBM ¼ 0.1), and BTR ¼ 2zTR
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MTRKTR
p
(for
zTR ¼ 0.1). For parameter details, please refer to Fig. 3 legend.Substituting Eq. 12 into Eq. 11, the displacement of BM
and RL toward the ST are given by
uBM ¼ F
active
OHC
KOHC þ ZTRZBM
ZTR þ ZBM
ZTR
ZTR þ ZBM; (13)
Factive ZBM
uRL ¼ OHC
KOHC þ ZTRZBM
ZTR þ ZBM
ZTR þ ZBM: (14)
The OHC displacement in vivo due to the active force
activeFOHC is given by the difference between the RL and BM
displacements from Eq. 13 and Eq. 14 as (ignoring here
a factor of ~0.87 due to RL tilt relative to the vertical):
uOHC ¼ uRL  uBM ¼ F
active
OHC
KOHC þ ZTRZBM
ZTR þ ZBM
: (15)
OoC is nearly optimized to receive maximum
somatic power
The effective impedance of the OoC (Fig. 2) as seen by the
OHC active force is given by (denominator in Eq. 15):
Zactiveeff ¼ KOHC þ
ZTRZBM
ZTR þ ZBM: (16)
Note that Zactiveeff ¼ ju Zsomatic and has the units of N/m. This
effective impedance is a parallel combination of the OHC
stiffness with a series combination of RL/TM complex
and BM (which includes the fluid mass loading on the
BM). The frequency response of this impedance for the
3 mm tonotopic location is shown in Fig. 2. At low
frequencies, the effective impedance shown by the solid
line is mostly influenced by the impedances of RL/TM
and the OHC stiffness. Starting from nearly 12 kHz in
Fig. 2 and until ~20 kHz, all the impedances, including
that of the BM, influence the effective impedance. The
internal resonances of the OoC cause amplitude minima
in the impedance around 14–20 kHz in Fig. 2. The double
minima in Fig. 2 arise out of two internal resonances
because of two masses used in the lumped mechanical
representation.
The active power due to electromotility, averaged over
one cycle, is given by (an alternative but equivalent expres-
sion is given in the Methods section):
Psomatic ¼ 1
2
Refð  FactiveOHC ÞðjuuOHCÞg; (17)
where the superscript * indicates complex conjugate. Based
on analogy with the classical electrical circuit theoryBiophysical Journal 102(3) 388–398
FIGURE 3 This figure shows the amplitude and phase of the ratio of
392 Ramamoorthy and Nuttall(The´venin equivalent circuit shown in Fig.1 B) maximum
power transfer from the source VS to the load impedance
ZL occurs when the load impedance is the complex conju-
gate of the source impedance ZS (that is, ZL* ¼ ZS). In the
lumped mechanical representation shown in Fig. 1 A, the
somatic force is analogous to the voltage source;
the OHC velocity is analogous to the current drawn at
the source, KOHC=ju is the source impedance, and
1=ju ZTRZBM=ZTR þ ZBM is the load impedance. Therefore,
for maximum active power transfer to the OoC, the condi-
tion to be satisfied is

1
ju
ZTRZBM
ZTR þ ZBM

¼ 1
ju
KOHC: (18)
This is equivalent to
ZTRZBM

¼ KOHC:OHC somatic displacement in vivo versus OHC displacement in isolated
cells for a given change in transmembrane potential from Eq. 19. The dotted
line in the amplitude plot in the upper panel represents a value of 1 for refer-
ence. In the boxed region, the in vivo somatic displacement of the OHC
approaches the level of isolated OHC displacement in amplitude and is
associated with ~90 phase lag. The parameters used in the figure are as
follows: l ¼ 300 mm is one local wavelength near 19 kHz CF at 3 mm
tonotopic location; NOHC ¼ 53 (see text) is the number of OHCs. OHC
stiffness is derived from Eq. 7 as KOHC ¼ εNOHC=EMRiso, where
ε¼ –0.1 nN/mV (37) per OHC, EMRiso¼ 20 nm/mV is the electromechan-
ical ratio for isolated OHC (29). This gives KOHC¼ 0.265 N/m lumped over
300 mm. (Note that this figure is independent of the value of KOHC; see
Eq. 19.) Furthermore, the numerical value of KOHC only scales Fig. 2).
The BM stiffness is KBM ¼ 10 KOHC (19) and the RL/TM stiffness is
KTR ¼ 2 KOHC. The ratio of BM to TR stiffness is consistent with the
in vitro experiments reported in Mammano and Ashmore (51). The BM
mass including fluid mass loading on the BM is MBM ¼ KBM=u2BM;
uBM ¼ 2pfBM; fBM ¼ 17:5 kHz. The TM mass (including fluid loading if
any) is MTR ¼ KTR=u2TR; uTR ¼ 2pfTR; fTR ¼ 13 kHz. The BM damping
coefficient is BBM ¼ 2zBM
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MBMKBM
p
(for zBM ¼ 0.1), and the RL/TM
damping coefficient is BTR ¼ 2zTR
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MTRKTR
p
(for zTR ¼ 0.1). For a different
parameter set KBM ¼ 50 KOHC, KTR ¼ 10 KOHC, for the same uBM and uTR,
the low-frequency ratio is ~0.1 and the peak value at OoC resonance is 0.45
with about the same phase as shown in the plot. Therefore, the qualitative
results are not sensitive to the parameters used in the plot shown.ZTR þ ZBM
This condition is approximately satisfied around 14 to
20 kHz in Fig. 2, which uses KBM ¼ 10 KOHC, KTR ¼
KBM=5: In the spatial domain, applying tonotopic mapping,
this frequency range translates to just basal to the CP,
consistent with the classical notion (32) of power insertion
in this spatial region. From Fig. 2, ðZTRZBM=ZTRþ
ZBMÞzð1 0:71 jÞKOHC in that frequency range.
Without the OoC internal resonances, such an impedance
matching would not occur in the OoC as evident from the
low-frequency and high-frequency impedances in Fig. 2.
The degree of quantitative matching of the impedances
does depend on the parameter values used for stiffness
and mass (see the legend for Fig. 2, Fig. 3). For example,
KBM ¼ 50 KOHC; KTR ¼ 10 KOHCðZTRZBM=ZTR þ ZBMÞ z
ð2:8 3:3 jÞKOHC around 15 kHz. However, note that for
maximum active force to be applied on the OoC structures
the load impedance would be infinite—such a load would
receive significantly smaller power from the active process.
The lumped mechanical representation of the OoC suggests
approximately matched rather than infinite load impedance,
and hence supports maximum somatic power transfer to the
OoC rather than maximum somatic force applied to the OoC
structures in vivo.OHC somatic displacement in vivo versus in vitro
for a change in transmembrane potential
From Eq. 9, Eq. 15 can be simplified as
uOHC
uisoOHC
¼ KOHC
KOHC þ

ZTRZBM
ZTR þ ZBM
: (19)
This quantity is the ratio of in vivo OHC somatic displace-
ment to isolated OHC displacement in response to a givenBiophysical Journal 102(3) 388–398change in transmembrane potential. Fig. 3 shows the ampli-
tude and phase of the ratio derived in Eq. 19. From Fig. 3,
the low-frequency amplitude of the ratio is ~0.375 for the
parameters used in the figure. At frequencies around the
19 kHz CF at the 3 mm tonotopic location (CF 19 kHz)
shown in Fig. 3, the amplitude of the ratio is between 0.9
and 1.5. Note that in this frequency range, the in vivo
OHC somatic displacement phase lags the isolated OHC
displacement by ~90.
Although the quantitative values do depend on the param-
eters used in the figure ðKBM ¼ 10 KOHC;KTR ¼ 2 KOHCÞ,
the qualitative behavior demonstrated in Fig. 3 is indepen-
dent of the parameters used. Even for ðKBM ¼ 50 KOHC;
KTR ¼ 10 KOHCÞ, the low-frequency ratio is ~0.1 and
the peak value at OoC resonance is 0.45. Therefore, the
FIGURE 4 Sketch to show the transverse and shear components of RL
displacement toward STand BM displacement toward ST. DC is the Deiters
cell. The difference in the transverse components of the RL and the BM
compresses the OHC, whereas the RL shear component toward the left as
shown displaces the HB in the excitatory direction: HB base moves toward
the left, or equivalently HB apex rotates toward the taller stereocilia.
OHC Electromotility In Vivo 393qualitative results are not sensitive to the parameters used in
Fig. 3. The quantitative results are less sensitive to BM
impedance than to RL/TM impedance. This is because the
latter is smaller and hence dominates the load impedance
ZTRZBM=ZTR þ ZBM.
The peaks in the amplitude in Fig. 3 correspond to
minima of the effective impedance Zactiveeff of the OoC
(Eq. 16, Fig. 2). The internal resonances in the OoC cause
these impedance minima and hence increase the in vivo
OHC somatic displacement. The frequencies where the
OHC stiffness (dotted line) crosses the effective impedance
amplitude (solid line) in Fig. 2 correspond to frequencies
where the ratio in Fig. 3 and Eq. 19 is unit amplitude.
The phase of the ratio shown in the bottom panel of Fig. 3
fluctuates between zero and up to half-cycle lag. (This phase
is negative of the phase of the effective impedance shown
by a solid line in the bottom panel of Fig. 2.) The implica-
tion of a half-cycle phase lag of the ratio in Eq. 19 and in
Fig. 3 is that while a depolarizing transmembrane potential
of the OHC leads to contraction in isolated cells, it could
lead to elongation (only the electromotility induced compo-
nent) of OHC in vivo at frequencies much higher than the
CF. Around 14–20 kHz (boxed area in Fig. 3), the in vivo
OHC displacement phase lags the isolated OHC displace-
ment by ~90. This phase lag means that the electromechan-
ical velocity and force are in-phase, which aids power
transfer to the OoC (Eq. 17).Estimates from in vivo measurements
Deriving OHC and HB displacements
Fig. 4 shows a simplified sketch of the mechanics of the
OoC. The sketch shows the transverse and shear compo-
nents of RL displacement toward ST, and BM displacement
toward ST. The difference in the transverse components of
the RL and the BM compresses the OHC. The increase in
the length of the OHC-Deiters cell (OHC-DC) complex is
given by DL ¼ ðuBM  uRLÞsin q (see Fig. 4). Here, q is
the angle made by the RL with vertical. Although DC cup
stiffness has not been directly measured yet, it has been esti-
mated to be at least 1000 times stiffer than the OHC (40).
Their estimate is based on the presence of microtubules in
the DC resembling pillar cells (41,42). Based on this esti-
mate, the displacement of the OHC is well approximated
by the displacement of the OHC-DC complex given by
DL. The contractile displacement of the OHC in vivo is
therefore given by
uOHCz DL¼ ðuRL  uBMÞsin q: (20)
This OHC displacement is derived from the directly
measured RL and BM displacements in sensitive guinea
pigs in vivo assuming q ¼ 60 (based on the geometry,
without loss of generality; sin 60 ¼ 0.87).From the classical theory (3), the HB deflection is given
by the shear displacement between the TM and the RL.
Let us assume that RL shear displacement is larger than
that of the TM around the CF. Note that the assumption
does not necessarily preclude TM shear resonance. The
HB deflection toward excitatory direction is given by
uHB ¼ urightTM  urightRL yuleftRL ¼ uRLcos q: (21)
Here, uRL in the last term is the displacement of the RL
toward the ST (see Fig.4).
From the measured in vivo data at 19 kHz CF, 40 dB SPL,
3 mm tonotopic location in sensitive guinea pigs from
Fig.4 a of (27), uRL ¼ 3 nm and uBM ¼ 1.5 nm (agrees
with (43)), with RL at ~90 phase lead relative to BM.
From Eq. 20 and Eq. 21, we get uOHC ¼ 2.9 nm and
uHB ¼ 1.5 nm. The ratio (amplitude) of OHC displacement
to HB excitatory displacement is ~1.93, which is in the same
range as measured in isolated cells (44).
Transduction and piezoelectric current
The HB deflection modulates the standing current to pro-
duce the alternating transduction current in response to the
sound stimulation (20). The transduction current can be rep-
resented in the linearized form for small sound levels (36):
Is1 ¼ ðVEP  VOHCÞG1uHB: (22)
Here, VEP is the endocochlear potential of 80 mV, and VOHC
is the resting potential of the OHC equal to about 70 mV
for the basal location in guinea pigs. The term G1 is theBiophysical Journal 102(3) 388–398
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Fig.1 F in Johnson et al. (22),
G1 ¼ Is1ðVEP  VOHCÞuHB ¼
2 nA
ð0 ð40 mVÞÞ  100 nm
¼ 0:5 nS
nm
;
at a somewhat apical location. Here, at the 3 mm tonotopicFIGURE 5 Electrical circuit representing a cross section of the cochlea,
simplified from Ramamoorthy et al. (36). The dotted box represents the
OHCs in the cross section. The resistances Ra and Rm represent the apical
and basolateral resistance of a single OHC, Ca and Cm are the apical and
basolateral capacitances of a single OHC. RML is the resistance from scala
media to ground and RTL is the resistance from ST to ground. The current
source Is1 is the transduction current due to HB deflection (Eq. 22) and the
current source Is2 is the piezoelectric current due to OHC displacement
(Eq. 23) per single OHC (see also (36), p. 2762). In Ramamoorthy et al.
(36), the current sources due to three OHCs in a single cross section
were lumped together. In this figure, the current sources Is1 and Is2 are
for a single OHC—the total number of OHCs is accounted for in the calcu-
lations as appropriate.location, G1 ¼ 1 nS/nm is used (also used in (19)). At 40 dB
SPL, uHB ¼ 1.5 nm as derived in the previous section.
Therefore, the transduction current through a single OHC
in vivo around 19 kHz CF at 40 dB SPL is Is1 ¼ 0.225
nA, which is in the range measured by Johnson et al. (22)
and by He et al. (45), after correcting for in vivo conditions
as suggested in the supplemental data of Johnson et al. (22).
The total transduction current in the CF-region is given
by the product of the single-cell transduction current Is1
times the number of OHCs (NOHC) in the region. Near
the 19 kHz CP, the wavelength of the traveling wave is
~300 mm, estimating from gerbil measurement in Ren (46)
and chinchilla measurement in Narayan and Ruggero (47).
The number of OHCs in a 300 mm region is given by
300/17,000  3000 ¼ 53 OHCs, assuming a total of 3000
OHCs in a length of 17 mm for guinea pigs. Therefore,
the total transduction current in the 300 mm region is
Ils1 ¼ Is1  NOHC ¼ 11.925 nA.
The piezoelectric current source Is2 due to OHC electro-
motility for a single OHC (see Fig. 5 and (36)) is
Is2 ¼ juε3uOHC: (23)
Here, the radian frequency u¼ 2pf, where f¼ 19 kHz is the
CF of the recording location in the in vivo measurements
(27). The term ε3 is the piezoelectric coupling coefficient
equal to 0.1 nN/mV (37). The OHC displacement at
40 dB SPL at the CF derived in the previous section is
uOHC ¼ 2.9 nm. This gives Is2 ¼ 0.035 nA for one OHC.
The total piezoelectric current over one wavelength is
Ils2 ¼ Is2  NOHC ¼ 1.84 nA.
OHC transmembrane potential
To estimate the transmembrane and extracellular potentials,
consider the electrical circuit shown in Fig. 5. In this figure,
4SM is the potential in the scala media, 4OHC is the potential
inside the OHC, 4ST is the potential in the Nuel’s space and
the ST combined, and D4OHC ¼ ð4OHC  4STÞ is the OHC
transmembrane potential. 4ST is also the extracellular poten-
tial that would be measured close to the OHC using micro-
electrodes such as by Fridberger et al. (18). In Fig. 5, RML is
the resistance from scala media to ground and RTL is the
resistance from ST to ground. At the 3 mm tonotopic loca-
tion considered in this article, the resistance RML is given by
the parallel combination of resistance R6 with (R2 þ R1)Biophysical Journal 102(3) 388–398(48) and is equal to 14 Um. The resistance RTL is given
by the (R4 þ R5) (48) and is equal to 4 Um at the 3 mm
tonotopic location. Over one wavelength (300 mm), this
resistance is RlTL ¼ 4 Um=300 mm ¼ 13:33 kU and that
of the resistance from scala media to ground is RlML ¼
14 Um=300 mm ¼ 46:67 kU.
In Fig.5, Zlm ¼ 1=ð1=RlmÞ þ juClm is the basolateral
impedance of the OHC over one wavelength and Zla ¼
1=ð1=RlaÞ þ juCla is the apical impedance of the OHC
over one wavelength. Ra ¼ 250 MU is the apical resistance
of a single OHC using apical conductance of 4 nS per
OHC estimated by Karavitaki and Mountain (49), which
assumes 50% of the transduction channels are open at rest
in vivo. The basolateral resistance Rm of a single OHC
is ~0.15 times Ra (17). The effective basolateral resistance
of the OHC over one wavelength is given by Rlm ¼
Rm=NOHC ¼ 0.71 MU. The apical capacitance Ca of a single
OHC Electromotility In Vivo 395OHC is given by the ratio of the time constant of ta ¼
0.23 ms (17) and apical resistance Ra ¼ 250 MU. This gives
Ca¼ 0.92 pF for a single OHC. From Dallos and Evans (17),
the basolateral capacitance of a single OHC is Cmyca=0:06,
and therefore Cm ¼ 15.3 pF. The basolateral capacitance
over one wavelength is thus, Clm ¼ CmNOHC ¼ 0:8 1n F.
The basolateral impedance Zlm has a corner frequency of
~275 Hz and RC filter roll-off is seen above that frequency.
Applying Kirchhoff’s circuit laws to the electrical circuit
shown in Fig. 5 leads to the following equations (ignoring
the factor of 3 OHCs per cross section; the total number
of OHCs is accounted for later):
4SM
RML
¼ 4ST
RTL
; (24)
ð4SM  4OHCÞ 4ST
Za
þ Is1 ¼
RTL
; (25)
ð4OHC  4STÞ 4ST
Zm
þ Is2 ¼
RTL
: (26)
From Eq. 27, Eq. 25, and Eq. 26, the three potentials can be
derived as
4OHC ¼

Is1  a
b
Is2


1
Za
þ a=b
Zm
 ; 4ST ¼

4OHC
Zm
þ Is2

b
;
4SM ¼ 
RML
RTL
4ST ;
(27)
where, a and b are given by
a ¼

1
RTL
þ RML=RTL
Za

; b ¼

1
RTL
þ 1
Zm

: (28)
The sign of the OHC piezoelectric current Is2 relative to the
transduction current Is1 depends on the in vivo phase of
uOHC relative to uHB and is not known at this time. However,
Is2 is ~7 times smaller than Is1 for 19 kHz CF in guinea pigs.
Ignoring Is2 in Eq. 27 leads to an inaccuracy of<15%. From
Eq. 27 and evaluating the parameters over one longitudinal
wavelength l ¼ 300 mm (NOHC ¼ 53), the potentials around
19 kHz CF and 40 dB SPL stimulus are (given in the
form Aejx where A is the amplitude and x is the phase refer-
enced to Is1 or uHB): OHC intracellular potential 4OHC ¼
0.18 ej(55/180)p mV, extracellular potential exterior to
OHC 4ST ¼ 0.14 ej(18/180)p mV, scala media potential
4SM ¼ 0.49 ej(162/180)p mV, and the OHC transmembrane
potential is D4OHC ¼ 0.11 ej(107/180)p mV.In summary, the estimated amplitude of the transmem-
brane potential over one longitudinal wavelength is
0.11 mV at 19 kHz CF in vivo. This is also the estimated
transmembrane potential for a single OHC, because the
NOHC OHCs are in parallel. The extracellular potential in
the space immediately exterior to the OHC is estimated to
be 0.14 mV at 40 dB SPL and 19 kHz. This value is very
close to the extracellular potential of 0.15 mV measured
by Fridberger et al. (18) at this level and frequency.
It is important to note that the OHC transmembrane poten-
tial, which is driven by the transduction current in vivo,
depends on the electrical impedance of the basolateral
membrane. A smaller time constant per se does not result
in larger transmembrane potentials. If the smaller time
constant is due to smaller resistance, then the transmembrane
potential is reduced up to the cutoff frequency. Above that
frequency, however, it is the same as that for the case
of the longer time constant because the asymptotic high-
frequency response is given solely by the membrane capac-
itance. This is the case with the measurements reported in
Johnson et al. (22). The basolateral impedance derived
from (22) is within 2 times the value from (17,30) (and
used here) at 19 kHz even though the cutoff frequencies
are very different (8 kHz vs. 275 Hz); see Fig. S1 in the
Supporting Material. Nevertheless, the larger transduction
currents reported by Johnson et al. (22) are important—
their Fig. 1 is used to derive parameter G1 in Eq. 22 in this
article. Also important is the change in capacitance that
derives from the smaller size of the high frequency hair cells.
Active somatic force
The active force from a single OHC due to its electromotil-
ity is given by FactiveOHC ¼ εD4OHC. The transmembrane poten-
tial amplitude is 0.11 mV at 19 kHz, 40 dB SPL in vivo.
Therefore, using ε ¼ 0.1 nN/mV from Iwasa and Adachi
(37), the active force on the OHCs over one wavelength
is Factive;lOHC ¼ NOHCεD4OHC ¼ 0.58 ej(73/180)p nN where the
73 phase is relative to uHB. The active force amplitude
per OHC is ~11 pN.
The lumped model and estimates from measurements
are performed over a 300 mm spatial region near the
3 mm tonotopic location (19 kHz CF) in guinea pigs. All
the displacements, currents, and potentials are assumed to
have uniform amplitude over the 300 mm region. Because
the tuning curve is asymmetric about the CP, this spatial
region is skewed to mostly basal to the CP.In vivo electromechanical ratio
Based on the lumped mechanical model, at the 3 mm tono-
topic location, around 19 kHz CF, 40 dB SPL stimulus (see
Fig. 3, Eq. 19): uOHCuisoOHC

expected
z0:9 1:5: (29)Biophysical Journal 102(3) 388–398
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pected that
EMRinvivo;somatic ¼ EMRiso
uOHCuisoOHC

expected
z18 30 nm=mV:
(30)
As derived in the previous section, uOHC ¼ 2.9 nm at 40 dB
SPL and 19 kHz CF from the in vivo measurements and
the estimated transmembrane potential in vivo is 0.11 mV.
The EMR in vivo is given by
EMRinvivo ¼
 uOHCD4OHC

measured
¼ 2:9 nm
0:11 mV
¼ 26:4 nm
mV
:
(31)
From Eq. 31 the electromechanical ratio of the OHC in vivo
is within the range as expected from Eq. 30. This analysis
shows that the measured in vivo OHC displacement could
indeed be caused by the estimated a.c. transmembrane
potential and thus supports the effectiveness of the electro-
motility process at this high frequency.Somatic power in vivo
The average somatic power is given by Psomatic ¼ ½ real
(Zsomatic)jjuuOHCj2 evaluated over the 300 mm region cor-
responding to one wavelength at the 3 mm tonotopic loca-
tion for 40 dB SPL, 19 kHz stimulus. Using OHC
displacement of 2.9 nm at this stimulus derived earlier
from the measurements of (27) and Zsomatic ¼
Zactiveeff =ju ¼1:56e-6 ejð12:7=180Þp Ns/m at 19 kHz (which
is also very close to its mean value over 14–20 kHz)
from Fig. 2, the average somatic power is Psomatic ¼
0.091 pW. (An estimate based on Eq. 17 with the active
somatic force also gives 0.095 pW assuming uOHC and
uHB are in-phase. It appears to be plausible for uOHC to
be in-phase with uHB from Eq. 20 and Eq. 21 and the
experimental observation that RL displacement is at least
2 times larger than BM displacement (27) at the location
and stimulus considered. However, their relative phase
remains to be shown by measurements. This relative phase
is not needed for the estimate based on Zsomatic given
above.)
The average power in BM vibrations, also equal to the
average power dissipated (see Methods), is PBM ¼ ½ Bbm
jjuuBMj2 ¼ 0.09 pW, using Bbm ¼ 5.6e-6 Ns/m from the
parameters listed in the Fig. 2 legend, and 1.5 nm BM
displacement at 40 dB SPL and 19 kHz best place (27).
For guinea pigs, the stapes velocity at 104 dB SPL is
125 mm/s at 19 kHz from Fig. 2 of (43), the acoustic input
impedance of the cochlea as seen at the stapes is ZC ¼
2e11 Ns/m5 and resistive from Fig. 17 of Puria and Allen
(50), and the area of the stapes footplate is Ast ¼ 1 mm2.
Thus, for 40 dB SPL, 19 kHz sound stimulus in guineaBiophysical Journal 102(3) 388–398pig vst ¼ 0.079 mm/s and the estimated average acoustic
input power at the stapes is Pstapes ¼ ½ real (ZC) Ast2jvstj2 ¼
6.2e-4 pW.
Thus, the estimated average power in BM vibrations
(PBM ¼ 0.09 pW) over one wavelength at the 3 mm location
for the 40 dB SPL, 19 kHz stimulus is much greater, by ~22
dB, than the average acoustic input power at the stapes
(Pstapes ¼ 6.2e-4 pW), which suggests the additional
power is from active power sources. The estimated somatic
power (Psomatic ¼ 0.091 pW) is comparable to the estimated
active power in BM vibrations. (This near exact match
between the somatic power and the active power in BM
vibrations is somewhat unexpected given the approximate
nature of these estimates. Nevertheless, the estimates are
comparable.)
For the 100 dB SPL, 15 kHz stimulus, the estimated
average power in BM vibrations (561 pW; derived from
15 nm BM displacement at 80 dB SPL from Fig. 4 of
(27)) is comparable to the average acoustic input power at
the stapes (622 pW) suggesting negligible power from
active sources at this high stimulus level.
Although these are approximate estimates of the average
power—note that the direct measurement of active power in
the cochlea is yet to be accomplished—they nevertheless
indicate that the predicted somatic power at low stimulus
levels could account for the active power in BM vibrations.DISCUSSION
We propose that the transmembrane potential considered
independently is not sufficient to assess the effectiveness
of OHC electromotility in vivo. Instead, we propose and
evaluate two metrics. One metric is the EMR defined as
the amplitude of the ratio of OHC displacement to the
change in its transmembrane potential. In isolated OHCs,
this ratio is the same as the piezoelectric coefficient. The
in vivo EMR estimated from measurements agrees very
well with the measured EMR for isolated OHCs after
accounting for the effects of the OoC impedances on the
OHC somatic displacement in vivo, which is constrained
by the impedances of BM on the basal side and RL/TM
on the apical side. Despite the RC low-pass filtering, the
estimated OHC transmembrane potential of 0.11 mV at
19 kHz (CF) for 40 dB SPL stimulus is sufficient to cause
in vivo OHC displacement of 2.9 nm to demonstrate an
electromechanical ratio of 26 nm/mV, which is within the
expected range for in vivo electromotility (18–30 nm/mV
from Eq. 30.). At this stimulus, the estimated somatic force
produced by a single OHC is ~11 pN and the estimated total
somatic force over one wavelength is 0.58 nN.
Contrary to common understanding, the in vivo OHC
somatic displacement is not significantly smaller than the
OHC displacement in isolated cells. This is especially the
case around and below the CF (~14 kHz to 20 kHz; boxed
area in Fig. 3), which translates to slightly basal to the CP
OHC Electromotility In Vivo 397applying tonotopic mapping. At these frequencies, the
internal resonances of the OoC reduce the effective imped-
ance seen by the somatic force that increases the somatic
displacement in vivo. Around the same frequency range,
the load impedance seen by the somatic force is approxi-
mately conjugate matched with the self-impedance of the
OHC (boxed area in Fig. 2). This band-limited impedance
matching nearly optimizes the OoC to receive maximum
power from OHC electromotility. The OHC model pre-
sented here can be improved further by including the effects
of viscosity, nonlinearity, voltage dependence of OHC stiff-
ness, and a more complex mechanical model of the OoC.
Another more insightful metric is the OHC somatic
power in vivo. Our analysis shows that the OoC impedances
are nearly optimized for maximum somatic power transfer
in vivo challenging the paradigm of maximum (isometric)
active force. An approximate quantitative analysis also
indicates that the predicted somatic power, if added to the
traveling wave, could account for the active power observed
in BM vibrations. Our analysis, based on both metrics used
to evaluate the recent in vivo measurements from (27),
therefore strongly suggests that the OHC electromotility is
effective in vivo at high frequencies at basal locations.SUPPORTING MATERIAL
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